Background-Impaired growth and development of the respiratory system during fetal and early postnatal life may have important implications for lung development and later lung health. The aim of this study was to examine the association of diminished premorbid airway function, prior wheezing, and maternal smoking with airway function at 1 year of age. Methods-Respiratory function was measured at the end of the first year in 100 of 108 healthy term infants (93%) in whom similar measurements had been undertaken prior to any respiratory illness at 8 weeks. Physician diagnosed wheezing episodes were identified retrospectively from medical records. Results-At 1 year specific airway conductance during end expiration (sGawEE; /s/kPa) was significantly diminished in those infants with prior wheezing (95% CI wheeze/no wheeze -0.76 to -0.14), mothers who smoked (95% CI smoke/no smoke -0.81 to -0.27), a family history of asthma (95% CI family history/no family history -0.62 to 0.00), or diminished premorbid sGawEE (95% CI -0.13 to -0.43/s/kPa per unit reduction sGawEE at 8 weeks). In a multivariate model only maternal smoking and diminished premorbid sGawEE were independently associated with diminished sGawEE at 1 year. Conclusions-Diminished airway function at the end of the first year appears to be mediated by impaired airway development during early life as well as by exposure to maternal smoking. These findings are consistent with the hypothesis that, at a population level, diminished premorbid airway function provides the link between wheezing lower respiratory illness and diminished airway function at 1 year. Maternal smoking remains an important and avoidable cause of impaired airway development and function in infancy. (Thorax 2001;56:680-686) 
Diminished respiratory function in the first few months of life precedes and is predictive of wheezing in early childhood, [1] [2] [3] an association which may be mediated by genetic and environmental factors. 4 It has been suggested that suboptimal development of the respiratory system during fetal life or early childhood may influence airway function adversely throughout life. 5 6 Diminished airway function has been reported in young children with prior early wheezing illness. 7 8 However, the interplay between premorbid respiratory function, prior wheezing lower respiratory illness, and environmental and genetic influences and their respective contributions to respiratory function in later infancy remains unclear, reflecting a lack of population based studies with sequential measurements of infant lung function.
Although the respiratory system grows and develops most rapidly during fetal and early postnatal life, 9 there are few longitudinal lung function data available for the early years. Postnatal lung growth may be diminished among those exposed to wheezing illnesses or adverse environmental factors during the first year, and this may be more marked among those with prior impairment of respiratory function. Alternatively, the level of respiratory function in later infancy may be independent of prior wheezing or of preceding level of respiratory function.
The aim of this prospective community based study was to examine the association between respiratory function at 1 year of age, prior wheezing, and premorbid respiratory function. It was hypothesised that airway function at 1 year would be diminished in infants with prior wheezing, but that this association would be mediated by diminished premorbid airway function measured shortly after birth, before the development of upper or lower respiratory symptoms.
Methods

STUDY POPULATION
Eligible infants were identified from consecutive births to women registered with two health centres in inner London. Healthy white term infants (>35 weeks) without major congenital abnormalities or neonatal or prior respiratory illness were eligible. Families were not approached if social or medical reasons precluded contact, and those planning to leave the area over the next year were ineligible. Parents were contacted by letter and written informed parental consent obtained following at least one prearranged home visit by the research nurse. This study was approved by the ethics committee of the Hospitals for Sick Children, London. RESPIRATORY FUNCTION Respiratory function was measured on two occasions in each infant: before the development of any respiratory symptoms when aged 1-3 months, and at approximately 1 year of age when infants were symptom free and when at least 2 weeks had elapsed since any upper and lower respiratory symptoms. Measurements were made following sedation with triclofos sodium elixir (75-100 mg/kg) during behaviourally determined quiet sleep as described previously. [10] [11] [12] On each test occasion body weight was measured to the nearest 100 g and crown-heel length to the nearest 0.1 cm. 10 Airway function was assessed from plethysmographic measurements of airway resistance (Raw) from which conductance (Gaw), the reciprocal of Raw, was calculated. 11 Since there is rapid growth of the airways during the first year of life, resistance will be higher (and conductance lower) in smaller, younger infants. By dividing conductance by functional residual capacity (FRCpleth) to obtain specific conductance (sGaw), account can be taken of these growth related changes.
Measurements of sGaw made during end expiration (sGawEE) were chosen as the principal measure of airway function in this study. These provide a measure of eVective airway calibre corrected for lung size and will be reduced if airway calibre is diminished and/or lung volume increased in relation to body size. Similar measurements made during initial inspiration (sGawII) are reported but were not used as outcomes in regression analyses. Respiratory function parameters were calculated according to previously established criteria. 11 12 Respiratory system compliance was measured using the multiple occlusion technique 10 to allow diVerences in airway function to be interpreted with respect to any underlying diVerences in elastic recoil. Specific compliance (sCrs, compliance/FRCpleth) was also calculated to determine whether changes in elastic recoil during the first year reflected increases in FRCpleth.
Although of uncertain relevance as measures of airway function, 13 tidal breathing parameters including respiratory rate (RR) and the time to peak tidal expiratory flow as a proportion of total expiratory time (tPTEF:tE) were also calculated. This allowed comparison with previously published work in which tPTEF:tE has been reported to be diminished in young infants who subsequently wheeze in early childhood 1 and in those with a family history of asthma and parental smoking. [14] [15] [16] WHEEZING AND OTHER FACTORS Obstetric, medical, social, and demographic details were obtained at recruitment when mothers were asked to report their smoking during pregnancy and whether any first degree relative of the child had ever been diagnosed with asthma. Gestation-specific birth weight standard deviation scores were calculated for each infant. 17 Maternal smoking postnatally as well as exposure to tobacco smoke from other household members was assessed from the parental report at the second test when a specimen of urine was collected from each infant and frozen at -20°C within two hours of voiding. Urinary cotinine levels were assayed by gas liquid chromatography 18 and expressed as ng cotinine/mg creatinine. Following the second respiratory function test, physician diagnosed episodes of wheezing in the first year of life were identified retrospectively from the child's practice medical record by a researcher blinded to the results of the respiratory function tests.
STATISTICAL METHODS sGawEE and tPTEF:tE at 1 year were compared by sex, prior wheezing status, family history of asthma, postnatal exposure to maternal smoking, and sGawEE at 8 weeks (SPSS for Windows version 7.5.1). The association between sGawEE at 1 year and sex, prior wheezing, maternal smoking, family history of asthma, or sGawEE measured shortly after birth was examined using linear regression. Similar analyses were carried out for tPTEF:tE at 1 year. This study was established to examine the association of five potential independent variables with airway function. Sample size calculations suggested that, should these variables together account for 16% or more of the variability in sGawEE at 1 year, a sample of 85 infants would allow this to be detected with 80% power at the 5% significance level, or with 90% power if they accounted for 21% or more of the variability. 19 Should any single variable account for more than 9% of the variability in sGawEE at 1 year, this sample would allow this to be detected with 80% power, or with 90% power for more than 14% of the variability.
Results
Over a 5 year period the parents of 118 of 300 eligible infants (39%) born in the study practices and successfully contacted consented to their child having respiratory function tests. Following recruitment, 10 of these children developed respiratory symptoms before respiratory tests could be arranged and were hence excluded from respiratory function testing. Parents of a further 148 infants declined testing but agreed to participate in a parallel morbidity study so that background data were available for 266 (89%) of all eligible and contacted infants. As reported previously, 2 infants whose parents agreed to respiratory function tests were similar with respect to birth weight, gestational age, sex distribution, maternal age and educational level, and prevalence of family history of asthma to those for whom only background data were available.
Respiratory function was measured on the first test occasion and before development of any upper or lower respiratory symptoms in 108 children. During their first year, five of these 108 infants were lost to follow up, while the parents of a further three declined the 1 year test. Thus, respiratory function was measured on a second occasion in 100 children (93% of those enrolled; 51 boys) who form the basis of this report. Paired measurements of tPTEF:tE at 8 weeks and 1 year of age were successfully obtained in all 100 infants. Measurements of sGawEE were successful at 1 year in 98 infants, including 85 (99%) of the 86 with similar measurements at 8 weeks of age. 2 Details of respiratory function on each test occasion for all infants and within-subject changes between occasions for infants with complete data on both occasions are summarised in table 1.
The second test was performed at a mean (range) age of 56 weeks (48-78), an average 48 weeks after the first test (95% CI 47 to 49 weeks). During this interval body weight increased on average by 5.0 kg and crown-heel length by 20.0 cm, while FRCpleth doubled and sGawEE, sGawII, and tPTEF:tE declined to a small but significant extent (table 1) . Respiratory rate declined from 46 to 30 bpm whereas sCrs remained constant, reflecting the parallel increase in lung volume and compliance during the first year of life.
During the interval between the first and second respiratory function test, 27 of 98 children (28%) whose primary medical care record was successfully located experienced at least one episode of physician diagnosed wheezing. Of those with wheezing, 11 had more than one episode (two episodes in five children, three episodes in two, four episodes in three, and five episodes in one). Four of the 27 children required at least one hospital admission for management of their wheezing episode and a further two were seen in hospital during an acute episode, but not admitted, while 21 were managed by their general practitioner. Nine of the 27 were diagnosed clinically with acute bronchiolitis and 18 were treated on at least one occasion with either oral or nebulised salbutamol.
Infants with prior wheezing were more likely to have mothers who smoked, to have a family history of asthma, to weigh significantly less at birth, to be born at a slightly earlier gestation, and to be of lower birth weight for gestational age than those without such symptoms (table  2) . While there was a slight excess of boys among those with wheezing, this diVerence was not statistically significant (p=0.06).
Respiratory function at 1 year of age was compared in those with and without prior wheezing, including 83 infants with complete data on wheezing and sGawEE for both test occasions, and 97 infants with complete data on wheezing and tPTEF:tE on both test occasions (table 3) . At the time of the second respiratory function test, infants with prior wheezing were on average 2 weeks older but of similar body weight and crown-heel length to those with no wheezing. This reflected the fact that respiratory function tests sometimes had to be postponed until infants were free of respiratory tract symptoms. Among those with prior wheezing, RawEE at 1 year was significantly higher than in those without prior wheezing, but values of FRCpleth were similar. sGawEE was thus significantly lower among those with prior wheezing. A similar pattern was observed for RawII and sGawII. Although mean tPTEF:tE tended to be lower among those with prior wheezing, this was not statistically significant (table 3; p=0.314). sCrs and respiratory rate were also similar between the two groups.
FRCpleth and Crs were significantly higher in boys, reflecting their heavier body weight at testing (95% CI of diVerence between boys and girls: 0.3 to 1.1 kg; p=0.002). Thus, weight adjusted values for FRCpleth and Crs were not statistically diVerent (data not shown). Boys and girls did not otherwise diVer in respiratory function (95% CI of diVerence between boys and girls: sGawEE -0.23 to 0.34 /s/kPa; tPTEF:tE -0.045 to 0.17).
A positive family history of asthma was reported in 28 children, and in 17 the mother FRCpleth = functional residual capacity determined plethysmographically; Raw = airway resistance measured at initial inspiration (RawII) or end expiration (RawEE); sGaw = specific conductance measured at initial inspiration (sGawII) or end expiration (sGawEE); sCrs = specific respiratory compliance; tPTEF:tE = time to peak tidal expiratory flow as a proportion of total expiratory time. *Data summarised as mean (SD). †95% CI = 95% confidence interval of diVerence in means for 100 infants unless otherwise stated. ‡n=99; §n=86; ¶n=92; **n=91. was the aVected family member. sGawEE was significantly lower in those with a positive family history than in those without (mean (SD): 1.77 (0.63)/s/kPa v 2.09 (0.72)/s/kPa; 95% CI of diVerence -0.62 to -0.003; p<0.05) which, in turn, reflects increased expiratory airway resistance among those with a family history (95% CI of diVerence 0.00 to 1.19 kPa/l.s; p=0.05). Infants with wheezing were more likely to have a first degree relative with asthma (table 2) .
Four of the 41 mothers who reported smoking during pregnancy ceased smoking once their child was born, while one mother who had not smoked when pregnant started smoking postnatally. Thus, the mothers of 38 children reported smoking since their child was born. Geometric mean urinary cotinine levels were 157.8 ng/mg creatinine in the infants whose mothers smoked postnatally and 30.0 ng/mg creatinine in those whose mothers did not smoke (95% CI of ratio smoke exposed:not smoke exposed 3.6 to 7.7; p<0.001). Infants who developed wheezing were twice as likely to have mothers who smoked postnatally (table 2) . Infants of smoking mothers were of similar gestation but significantly lighter at birth (95% CI of diVerence -580 to -200 g; p<0.001), resulting in significantly lower birth weight standard deviation scores (95% CI of diVerence -0.96 to -0.19; p<0.01). However, at the time of the second lung function tests there were no significant diVerences in postnatal age, body weight, or crown-heel length (table 4) . Both RawII and RawEE were significantly raised and sGawII and sGawEE were significantly diminished in those infants whose mothers smoked postnatally, although FRCpleth, tPTEF:tE, and sCrs were similar. sGawEE at 8 weeks of age and 1 year were significantly correlated (fig 1; Spearman's two tailed correlation coeYcient 0.374; p<0.01), as were tPTEF:tE at 8 weeks and 1 year (Spearman's two tailed correlation coeYcient 0.423; p<0.01). The association between sGawEE at 8 weeks of age and at 1 year is shown according to prior wheezing status in fig 1, and according to maternal smoking status in fig 2. In univariate analyses, sGawEE at 1 year was significantly and negatively associated with prior wheezing, being diminished on average by 0.45/s/kPa in those with prior wheezing (95% CI -0.76 to -0.14; p=0.005; table 5). It was also significantly and negatively associated with a family history of asthma and maternal smoking postnatally. sGawEE was significantly lower at 1 year in those with diminished sGawEE at 8 weeks of age.
In a multivariate analysis prior wheeze and a family history of asthma were no longer significantly associated with sGawEE at 1 year (table  5) . However, at 1 year sGawEE remained significantly diminished in those whose mothers reported smoking postnatally (95% CI -0.71 to -0.10; p=0.01) and in those with 
Discussion
The longitudinal data obtained over the first year of life in this cohort confirm that this is a period of considerable growth and development of the respiratory system with a twofold increase in FRCpleth, a halving of Raw, and a small reduction in sGaw but no change in sCrs. Respiratory rate and tPTEF:tE also declined significantly with increasing age, which may reflect continued alveolar and airway development as well as greater stability of end expiratory volume. 9 We have found that maternal smoking and diminished airway function measured early in life are independently associated with lower levels of airway function at the end of the first year. Although sGawEE was lower at 1 year of age in infants with prior wheezing, our findings suggest that this association may be mediated by diminished premorbid airway function, reflecting impaired growth and development during fetal and very early life. Although a family history of asthma was not independently associated with impaired airway function at 1 year, this does not preclude an indirect eVect of a genetic predisposition to asthma, possibly mediated through its association with diminished premorbid airway function. 2 The infants included in the current study were representative of consecutive births in two general practices in inner London. 2 The prevalence of smoking by mothers during pregnancy and postnatally is consistent with that reported from national samples in the UK 20 and was biochemically validated. Physicians and parents were blinded to respiratory function results, as was the reviewer who ascertained physician diagnosed episodes from medical records, while those calculating respiratory function parameters were blinded to the wheezing and smoking exposure status of the infants.
The first year cumulative incidence of physician diagnosed wheezing is comparable to that reported previously from South London. 21 Although higher than that reported from Tucson, 1 this may reflect the higher prevalence of maternal smoking in this inner city population.
Cumulative incidence was higher in Perth, but was estimated from parental report rather than physician diagnosis of wheeze. 3 Our findings are representative of the spectrum of wheezing presenting in primary care. In the current study almost half the infants experiencing a first wheezing episode sustained one or more subsequent episodes in the first year. However, the majority of episodes were managed in the community, with only four infants requiring hospital admission. In contrast, in the Tucson study all wheezing illnesses were managed in the community, and only one third (n=8) of infants experienced further episodes. 1 While there has been increasing interest in the relation of early infections to subsequent development of atopic illness, 22 this was not a prior hypothesis of this study. Thus, prospective data on infections, including those of the upper respiratory tract, are not available.
In this study the primary measure of airway function was sGaw, a measure of airway function corrected for lung size. While the anatomical site of intrathoracic airway calibre cannot be located precisely with any of the currently available infant lung function tests, plethysmographic measures of Raw and sGaw are generally considered to reflect primarily the calibre of the central airways, 23 whereas maximal flow at FRC (Ṽ max FRC), as used in several previous epidemiological studies, 1 14 24 is thought to reflect more peripheral airway function. Although the latter is of value in detecting early influences on airway function in infants, resting lung volume, which was of specific interest in this study, cannot be assessed simultaneously.
Diminution of airway calibre may reflect several mechanisms including anatomical changes in lumen size, increased thickness or compliance of the airway wall, secretions, bronchoconstriction, or relative lack of distending pressure due to low elastic recoil. 25 However, since infants in the current study were asymptomatic at testing with no evidence of hyperinflation or any diVerence in sCrs, the observed reduction in airway conductance at 1 year associated with maternal smoking or diminished premorbid airway function most likely reflects alterations in airway structure or calibre. Our findings are consistent with alterations in airway geometry in that diminished airway function shortly after birth is thought to reflect congenitally small airways and impaired fetal airway development. 1 24 We did not find any sex diVerences in sGaw in the current study. In previous studies we have reported marked sex diVerences in Ṽ maxFRC when using the "squeeze" technique, 16 26 which suggests that sex diVerences may relate primarily to the size and function of the peripheral rather than central airways and reflect sex diVerences in respiratory development. 27 While several population based longitudinal studies have examined lung function during early infancy in relation to subsequent respiratory symptoms and respiratory function in later childhood, few have assessed the growth and development of the respiratory system in later infancy by including repeat measures of infant lung function. 3 28 Young et al observed reduced forced expiratory flow at 1 year in infants with parentally reported wheezing, but did not report the association with prior respiratory function. 3 Tager et al observed diminished forced expiratory flow at 18 months of age in infants of mothers who smoked during pregnancy, but did not report the influence of prior wheezing or a family history of asthma. 28 While tPTEF:tE is diminished in young infants who subsequently wheeze, 1 2 our data do not support the converse association of diminished tPTEF:tE at 1 year in those with prior wheeze. We have previously shown that tPTEF:tE is only weakly related to measures of airway function in young infants aged over 13 weeks. 13 The findings of the current study suggest that, in older infants without clinically significant airway disease, variation in the ratio of peak tidal expiratory flow to expiratory time does not reflect the mechanical properties of the lung or airway calibre.
We found maternal smoking to be a significant and independent predictor of diminished sGaw at 1 year, but cannot establish the relevant timing of exposure since women who smoked postnatally also smoked during pregnancy. However, in this cohort Raw was raised but sGaw was not diminished at 8 weeks of age in infants whose mothers smoked in pregnancy, 2 suggesting that the eVects of prenatal exposure to maternal smoking on lung development may initially be mediated by impaired fetal growth and micronutrient or other maternal nutritional deficiencies. 29 30 Our findings add to the growing body of evidence supporting the association between maternal smoking and impaired respiratory function in oVspring. 28 31 Elliot et al reported that inner airway wall thickness was increased in infants dying suddenly and unexpectedly at about 6 months of age and whose mothers smoked heavily during pregnancy and postnatally. 32 They suggested that postnatal exposure to tobacco smoke represents a true inhalational insult to the airways, in contrast to in utero exposure which may have indirect eVects on the respiratory system mediated by alterations in airway wall collagen thickness and neurological control of respiration. As most studies are unable to distinguish the temporal eVects of maternal smoking, direct evidence for these hypotheses is lacking. However, the diVerent patterns of airway abnormality observed at different ages in this and an earlier study 16 suggest that this is biologically plausible. Thus, in utero exposure may be consistent with alterations in control of respiration and airway growth and development, and postnatal exposure with diminished airway calibre due to airway wall inflammation and oedema.
Information linking early measures of infant respiratory function to spirometric and other indices in later childhood and adult life are very limited. 33 In the Tucson Children's Respiratory Study, infants with transient early wheezing were more likely to have persistence of earlier impaired airway function to 6 years of age, despite being currently asymptomatic. 7 Children with transient wheezing were also more likely to have a mother who smoked and to have non-reversible defects in forced expiratory volume in 1 second (FEV 1 ) by the age of 11. 34 In a subsequent report, reversible defects were reported by the age of 13 in those with respiratory syncytial virus associated lower respiratory illnesses in the first 3 years of life. 35 Upton et al reported diminished FEV 1 in the adult oVspring of mothers who smoked 36 and suggested that maternal smoking may account for some of the unexplained variance in airway function in adult life. If this is the case, secular trends in smoking by young women and mothers 20 suggest that this may be a risk factor of increasing public health importance. This is particularly so in the light of recent work demonstrating that diminished FEV 1 is an important predictor of all-cause mortality in adult life. 37 It is therefore increasingly relevant to examine whether there are adverse eVects of potentially avoidable factors such as maternal smoking on the growth and development of the respiratory system.
One important question has been to determine whether children who experience lower respiratory illnesses in early life have preexisting abnormalities of airway function that manifest during viral infections, or whether the lower respiratory illness itself produces changes in the lower airways that predispose the infant to other problems. Our findings are consistent with the hypothesis that, at a population level, diminished premorbid airway function provides the link between wheezing lower respiratory illness and diminished airway function at 1 year. Maternal smoking remains an important and avoidable cause of impaired airway development and function in infancy.
